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Abstract. Cell morphology is often used as a valuable indicator of the physical condition and general status of living
cells. We demonstrate a non-invasive method for morphological characterization of adherent cells. We measure
infrared reflectivity spectrum at oblique angle from living cells cultured on thin Au film, and utilize the unique
properties of the confined infrared waves (i.e. surface plasmon and guided modes) traveling inside the cell
layer. The propagation of these waves strongly depends on cell morphology and connectivity. By tracking the
resonant wavelength and attenuation of the surface plasmon and guided modes we measure the kinetics of various
cellular processes such as (i) cell attachment and spreading on different substrata, (ii) modulation of the outer cell
membrane with chlorpromazine, and (iii) formation of intercellular junctions associated with progressive cell polar-
ization. Our method enables monitoring of submicron variations in cell layer morphology in real-time, and in the
label-free manner. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.8.XXXXXX]
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1 Introduction
The rapidly evolving biosensor research field yields powerful
analytical tools with major applications in cell biology, drug dis-
covery, and diagnostics.1–3 Successful implementation of the
label-free biosensing techniques in biochemical assays, espe-
cially in the context of high-throughput screening, encourages
the development of similar techniques at cellular level. In con-
trast to target-based labeling approaches that reveal specific one-
to-one binding interactions, the label-free methods provide
information on macroscopic cell properties, such as refractive
index,4–8 electrical conductivity,9,10 viscosity, and mass.11,12

The challenge here is to extract useful bio-functional informa-
tion (e.g. cell morphology, cell adhesion, cytotoxicity, etc.) from
somewhat ambiguous label-free measurements of the physical
parameters of the cells. In this respect, the optical label-free plat-
forms, like surface plasmon4,5,13–15 or waveguide6–8 biosensors,
have an advantage over the non-optical platforms (e.g. impe-
dance9,10 and quartz crystal microbalance11,12) since they can be
backed by direct optical imaging. Although the majority of opti-
cal label-free biosensors operate in the visible wavelength range,
and are typically used for bio-molecule affinity characteriza-
tion,16,17 several groups recently applied these sensors to
probe living cells.4–8,13–15

We present a label-free method for cell sensing based on the
infrared reflection spectroscopy.18 We use the confined infrared
waves such as surface plasmon (SP) and guided (TM) modes
to study in real-time and label-free manner the structure and
functioning of living cells on substrate. SP propagates at the

cell/substrate interface and probes the lower (basal) part of
the cell15 while the guided modes travel inside the cell mono-
layer, and are sensitive to cell height and cell-cell adhesion.
By analyzing the resonant wavelength and attenuation of
these resonant excitations we study the morphological and phy-
siologically-relevant properties of living cells, such as dynamics
of cell-substrate attachment, cell morphology, and cell mono-
layer integrity and height.

2 Materials and Methods

2.1 Experimental Setup

The sensing head for living cell measurements is shown in
Fig. 1(a). The right-angle ZnS prism [20 × 40 mm2 base (ISP
Optics, Inc., Irvington, NY, US)] with Au coating (18–20 nm
thickness) is attached to the 1.5-ml flow chamber equipped
with the temperature controller (�0.1 °C). All experiments with
living cells were performed at 37 °C. The medium flow in the
chamber is enabled by the motorized bee syringe pump, and
operated by a variable speed controller. The live cells were
directly cultured on the Au-coated prism surface unless other-
wise stated. Figure 1(b) and 1(c) shows two experimental setups
used in this work. The angular interrogation experiments were
performed in the θ − 2θ configuration19 [Fig. 1(b)] where the
incident beam is fixed in space while the flow chamber and
detector are rotated using two coupled rotating stages. For the
kinetic measurements at fixed incident angle, the prism-flow
chamber assembly was mounted on the vertical translation
stage [Fig. 1(c)] whereas the cell layer on the Au-surface was
simultaneously imaged using a conventional optical microscope.
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2.2 Infrared Reflectivity Measurements

The infrared beam is emitted from the external port of the FTIR
spectrometer [Bruker IFS 55 Equinox FTIR], which is equipped
with a tungsten lamp and KBr beamsplitter. The collimated and
p-polarized infrared beam is reflected from the Au-coated prism
and focused onto a liquid-nitrogen-cooled MCT (HgCdTe)
detector. The measurement of a single spectrum takes approxi-
mately 25 sec, and represents an average of 8 scans with
2-cm−1 or 8-cm−1 resolution. The s-polarized spectrum was
used as a background. In kinetic measurements, the background
s-polarized spectrum was measured only once, at t ¼ 0.

2.3 Analysis of the Infrared Spectra

To convert the SP resonance wavelength into refractive index
spectra we used an optical model based on Fresnel equations
for tri-layer structure.20 The procedure involves calibration mea-
surement with known analyte (pure water) that allows finding
the optical constants of the Au film. At the next step we used
the same Fresnel equations to find the optical constants (nd, κd)
of the unknown analyte.20

2.4 Cell Culture and Preparation

Madin-Darby canine kidney cells (MDCK) were routinely cul-
tured in minimal essential medium (MEM, Biological Indus-
tries, Beit Haemek, Israel), and supplemented with 5% (v/v)
fetal calf serum (FCS) and 1% (v/v) antibiotics (Biological
Industries). HeLa and human melanoma (MEL 1106) cells
were cultured in Dolbecco’s modified Eagle’s medium
(DMEM, Biological Industries, Beit Haemek, Israel), and sup-
plemented with 4.5 g∕L D-glucose, 10% (v/v) FCS and 1% (v/
v) antibiotics. During the measurements, the cells were bathed in
a growth medium supplemented with 20 mM Hepes, pH 7.5.

Rat intestinal epithelial cells (IEC6) cells were maintained in
DMEM (Sigma-Aldrich, St. Louis, MO, USA), and supplemen-
ted with 10% (v/v) FBS (Biological Industries, Beit Haemek,
Israel) and 0.2% (v/v) penicillin-streptomycin-nystatin (BioLab
LTD, Jerusalem Israel). The cells were cultured in 5% CO2 in a
humidified atmosphere at 37 °C. When the cells reached 80–
90% coverage, the culture medium was removed, and 2.0 ml
of Trypsin-EDTA (Biological Industries, Beit Haemek, Israel)
solution was added. After the cell layer was dispersed (this
occurs in 3–5 min), 4.0 ml of DMEM was added, and the
cells were centrifuged. After centrifugation the cells were resus-
pended in 1 ml of fresh DMEMmedium, and plated on the prism

where they covered ∼80% of the area (3.5 × 105 cells per cm2).
During the measurements, the cells were bathed in fresh DMEM
which was constantly replaced at slow flow.

3 Principle of Measurement

3.1 Surface Plasmon Wave

The surface plasmon is a transverse magnetic (TM) wave that
travels along the metal (m)—dielectric (d) interface (x-direction),
and decays in the direction perpendicular to the interface
(z-direction).21

E ¼ E0 expf−i½kðxÞspxþ kðzÞspz − ωt�g;

The SP wavevector ksp is determined by the complex dielec-
tric permittivity of the metal εm and of the dielectric (analyte),
εd ¼ ðnd þ iκdÞ2. Its lateral component, kðxÞsp is complex and
in order to enable propagation, its imaginary part is much smal-
ler than the real part,

kðxÞsp ¼ k 0ðxÞsp þ ik 0 0ðxÞsp ¼ k0

�
εmεd

εm þ εd

�
1∕2

: (1)

The transverse component of the SP wavevector kðzÞsp is
also complex whereas its real part is much smaller than the ima-
ginary part,

kðzÞsp ¼ ik 0 0ðzÞsp ¼ k0

�
ε2d

εm þ εd

�
1∕2

; εm þ εd < 0:

(2)

Our experimental setup is based on Kretschmann’s config-
uration, which includes a high-refractive index prism coated
with a thin conducting film [Fig. 1(a)]. The SP is excited at cer-
tain angle/wavelength at which k 0

sp ¼ kx ¼ nprismk0 sin θ,
where k0 is the incident light wavevector and nprism is the
prism refractive index. Excitation of the SP resonance can
be observed using either angular [Fig. 1(a)] or wavelength
[Fig. 1(b)] interrogation. The SP reflectivity dip is clearly visible
and it shifts upon varying incident angle or wavelength. At fixed
incident angle the resonant wavelength (λsp) of the SP is deter-
mined by the refractive index of the analyte, nd,

22,23 and for a

Fig. 1 (a) The flow chamber for infrared reflection spectroscopy of living cells. The zoomed area illustrates the sensing region of the surface plasmon
(SP) and guidedmodes. (b) θ − 2θ setup for angular-resolved measurements. (c) The fixed angle configuration is supplemented with optical microscopy.

Journal of Biomedical Optics XXXXXX-2 August 2012 • Vol. 17(8)

Yashunsky et al.: Surface plasmon-based infrared spectroscopy for cell biosensing



low-loss analyte (ε 0 0d ∕ε 0d ≪ 1) the λsp is given by the inexpli-
cit expression

ε1∕2d ðλspÞ ≈ ndðλspÞ ¼ A

�
εm

εm − A2

�
1∕2

; (3)

where A ¼ nprism sin θint, and θint is the internal angle of
incidence.

The reflectivity at the SP resonance yields the imaginary part
of refractive index, κd. Indeed, the reflectivity at resonance can
be approximated by the Lorentzian:21,24

R ¼ jrmpj2
�
1 −

4k 0 0
spΓrad

ðkx − k 0
spÞ2 þ ðk 0 0

sp þ ΓradÞ2
�
; (4)

where rmp is the Fresnel reflection coefficient at the prism-metal
interface, and Γrad is the radiation loss resulting from the finite
thickness of the metal film. At resonance the reflectivity
achieves its minimal value,

Rmin ¼
����rmp

k 0 0
sp − Γrad

k 0 0
sp þ Γrad

����
2

; (5)

which is determined by the imaginary part of the SP wavevector,
k 0 0
sp. The latter depends on the losses in the analyte and in the
metal film. By measuring Rmin we can find the imaginary
part of the analyte refractive index, κd ¼ ε 0 0d ∕2nd.

The high sensitivity of the SP arises from its evanescent nat-
ure. SP is confined in a narrow layer in the vicinity of the metal-
dielectric interface, and its sampling depth is determined by the
decay length of the SP intensity into the dielectric media, δz,
½IðzÞ ¼ jEðz ¼ 0Þj2 expð−z∕δzÞ� (Refs. 22 and 24) where

δz ¼ Im½ðεm þ εdÞ1∕2λsp∕ð4πεdÞ�: (6)

The lateral spatial resolution of the SP equals to its propaga-
tion length in the x-direction, Lx ¼ 1∕2k 0 0

sp.
18 It means that when

analyte layer consist of the regions with different refractive
indices, two separate SP resonances will appear only if the
size of these regions is larger than the Lx.

18 Otherwise, the
regions will not be resolved and there will be a single SP reso-
nance corresponding to the mean refractive index. However,

even this “average” SP resonance is sensitive to morphological
changes in cells (see Sec. 4.1).

3.2 Studying Living Cells with Surface Plasmon

We focus here on the surface plasmon sensing of living cells
cultured on top of the Au-coated ZnS prism. The cells are
immersed in aqueous culture medium which enables their via-
bility. Optical constants of the epithelia cell monolayer are
shown in Fig. 2(a) and 2(b).20 The real part of cell refractive
index [Fig. 2(a)] exceeds that of the culture medium (mostly
water) due to presence of up to 30% organic substances. The
imaginary part of the cell refractive index [Fig. 2(b)] is deter-
mined by the absorption and scattering. When the scattering
losses dominate at the shorter wavelengths (λ < 2 μm) and
the absorption losses dominate in the mid-infrared range
(λ > 2 μm).20 For nonhomogeneous media such as cells, the
effective refractive index sensed by the SP wave is a weighted
average in z-direction,

ffiffiffiffiffi
εd

p ¼ nd þ iκd ¼
1

δz

Z
z¼∞

z¼0

½nðzÞ þ iκðzÞ� expð−z∕δzÞdz:
(7)

The real part of refractive index nd yields the total biomass
inside the SP field while the imaginary part of the refractive
index κd provides information on the cell morphology.

Using our knowledge of the cell optical constants20 we could
make a clever choice of the wavelength range for our living cell
studies. Indeed, the infrared wavelength range enables extension
of the SP sampling depth up to few microns [Fig. 3(a)] without
losing the sensitivity (∼10−6 RIU).18,19,23 This allows monitor-
ing of cellular events not only in the cell-substrate contact region
but also inside basal cell region and even in the cell nucleus.
The SP propagation length, Lx [Fig. 3(b)] is another parameter
that should be considered in the SP-based biosensing. For non-
confluent cells there are two possible regimes: Lx > l or Lx < l
where l is the characteristic length of the cell cluster. In the first
case, the SP resonance appears as a single resonance and
its wavelength corresponds to the effective refractive index
(e.g. the mean between the refractive indices of the cells and
of the medium). Figure 4 illustrates the second case, where we
observe two SP resonances corresponding to cell covered and

1

Fig. 2 Optical constants of living cells and water at the 1–4 μmwavelength region. (a) The red and black lines show the real parts of the cell and water
refractive indices, n. (b) The imaginary parts of the cell and water refractive indices, κ. The gray area indicates strong water absorption band that
prevents surface plasmon (SP) excitation.
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cell-free regions. Indeed, the optical images show that HeLa
cells having flat morphology with large cell-substrate contact
area (cross-section approximately 50 μm) comparable with the
SP spatial resolution (Lx).

The infrared wave propagation along the cell layer can be
associated with the guided mode excitation. The typical cell
height is on the order of infrared wavelength; the thickness
of the epithelial cell monolayers is approximately 10 μm. The
correct order of the refractive indices (nsubstrate > ncell > nmedium)
enables the total internal reflection at the cell-medium interface,
which is mandatory for the guided mode excitation. When
the propagation losses in cell monolayer are reasonably low
(μ ¼ κkx ∼ 100 μm−1) and the cell layer is uniform enough,
the guided modes can be excited.

The resonant wavelength of the guided mode (λTM) depends
on the cell monolayer thickness dcell, the cell refractive index

ncell, and the incident angle. Such guided mode resonances
appear in the intact cell monolayers for angular [Fig. 5(a)]
and for the wavelength interrogation as well [Fig. 5(b)].

4 Dynamic Measurements of Cellular Processes

4.1 Measurement of Cell-Substrate Adhesion Rates
with Surface Plasmon

The adhesion and spreading of cells on solid substrates has
been studied using optical imaging techniques,25,26 as well
as optical and non-optical biosensors (surface plasmon,5,15,27

waveguides,6–8 cell-impedance,9,10 and quartz crystal microba-
lance11,12). These methods established that upon initial
attachment, adherent cells tend to increase their contact area
with the underlying substrate. In case of simple epithelial
cells, this process is accompanied by the establishment of
robust intercellular contacts through the development of the
cell-cell junctions until a continuous polarized cell layer is
formed.28

Here we are following the morphology of the MDCK cell
layer starting from deposition of suspended cells on substrate
and ending with formation of a confluent cell monolayer. To
derive the cell coverage we convert the change of SP resonant
wavelength [Fig. 6(a)] into the refractive index change [(Eq. (3)],
Δnd ¼ ðnd − nmediumÞ. Thus, cell coverage ¼ Δnd∕Δn, where
Δn ≈ 0.03 is the difference of refractive indices of cells and
the extracellular medium.

In course of the monolayer formation the SP resonant
wavelength λsp varies non-monotonically. Eventually it shifts
toward longer wavelength [Fig. 6(b), upper panel], indicating
increase of the refractive index caused be the increase of the
cell coverage. On the timescale of several hours the cell prolif-
eration is negligible. This means that the number of cell does not
change and the cell coverage grows as a result of cell-substrate
attachment and cell spreading over the substrate.

The magnitude of the SP resonance provides information on
the cell layer structure as well. The resonant reflectivity Rmin

depends on the losses upon SP propagation (i.e. scattering
and absorption). The major mechanism that contributes to the
Rmin at λ ∼ 2.5 μm is the SP scattering at cell-medium interfaces
[Fig. 2(b)]. The scattering occurs due to the difference of refrac-
tive indices between the cells and the medium, Δn ≈ 0.03.
From the dimensional considerations, the scattering cross sec-
tion for the planar SP wave should scale with the length of

Fig. 3 Characteristic lengths associated with the surface plasmon biosensing (a) The surface plasmon (SP) sampling depth in z-direction. (b) The SP
propagation length in x-direction. The gray area indicates strong water absorption band that prevents SP excitation.

Fig. 4 (a) Microscopic images of HeLa cells cultured on the Au sub-
strate. The cell coverage of the substrate increases from left to right.
(b) The surface plasmon (SP) resonance for different cell coverage.
The SP resonance wavelength shifts from λsp ¼ 2.38 μm in the absence
of cells to λsp ¼ 2.55 μm for full-cell coverage. At the intermediate cell
coverage the two SP peaks, corresponding to the covered and uncov-
ered regions, overlap. The guided mode that appears in the spectrum
(λ ¼ 2.25 μm, blue line) corresponding to full-cell coverage.
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the cell-medium interface; in other words, Rmin measures the
length of the cell-medium perimeter per unit area. At the begin-
ning (0–2 h), cells are still separated one from another so the
perimeter (∼Rmin) grows proportionally to the area/cell coverage
(∼λsp), although at the advanced stage [Fig. 6(b), phases II and
III] Rmin changes very different from λsp. Time-excluded repre-
sentation of Rmin vs. cell coverage [Fig. 6(c)] provides better
understanding of the cell morphology during monolayer forma-
tion. It pinpoints different phases of the process. Phase I corre-
sponds to attachment and spreading of individual cells with
concomitant growth of the cell coverage, and of the length of
cell-medium interface. During phase II, the cell coverage con-
tinues to grow but Rmin does not. This corresponds to the cell-
cell attachment among the neighboring cells. An additional
increase of the Rmin at the end of phase II indicates that cells
enlarge their projection on the substrate. We suggest that this
change is associated with the development of protrusions
(lamellipodia) by the marginal cells in the cell clusters. This
increases the external perimeter of the clusters, similar to forma-
tion of lamellipodia at the wound margin.29 Finally, at phase III
cells form a contiguous monolayer (with some voids). As these
voids close the cell-medium interfaces shrink, resulting in a
decrease of Rmin.

4.2 Cell Detachment

Trypsin is a pancreatic serine protease30 which is widely used to
disrupt the cell-cell and cell-substrate adhesion. Here we mea-
sured the dynamics of trypsin-mediated detachment of MDCK
cells from the Au-coated ZnS prism. Figure 7 shows that the
massive cell detachment starts after a 5-min delay following
the introduction of trypsin solution, while complete cell detach-
ment takes another 10 min. In contrast to cell-substrate attach-
ment, which starts from the stage of individual sedimented
cells and is followed by the stage where the cells spread on
the substrate; the detachment process starts from the cell mono-
layer and is followed by cell detachment. The latter is initiated
not uniformly but at several specific locations. The weakest cell
chain is broken first, than the next one and so on. This leads
to opening of voids inside the cell layer. The inset [Fig. 7] com-
pares two SP resonances measured at the same 60% cell con-
fluence. The first one was measured during the attachment
process and the second one was measured during trypsin-
induced detachment. In the first spectrum, the SP resonance
appears as a single dip corresponding to some effective medium,
as expected for homogeneously dispersed cells (see Sec. 3.2).
In the second spectrum, a very broad SP dip indicates on the
existence of two different regions: adherent cells and cell-free

Fig. 5 (a) The angular reflectivity spectra from the Madin-Darby canine kidney cells (MDCK) cells cultured on Au substrate. The surface plasmon (SP)
resonance appears as the reflectivity dip whose position depends on the incident beamwavelength, λ. Additional shallow reflectivity dip at larger angle
corresponds to the guided mode. (b) Spectral reflectance for different incident angles for the same assembly. Both surface plasmon and guided modes
appear as reflectivity minima whose position depends on the incident angle, θ.

Fig. 6 Real-time measurement of Madin-Darby canine kidney cells (MDCK) cell monolayer formation (a) surface plasmon (SP) resonance development
during the cell monolayer formation. The resonance red-shift results from the increment of the refractive index (nd ) corresponding to the increase of
the cell coverage. (b) SP resonant wavelength (λSP, upper panel) and corresponding refractive index change (right y-axis). The SP resonance depth
(Rmin, lower panel) depends on the losses upon the SP propagation. This depth is proportional to total cell-medium interface. (c) Rmin as function of
the cell coverage resolves different phases in cell morphology; I- deposition and spreading of individual cells, II- cell-cell attachment, III- monolayer
closure.
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substrate, as expected for a disrupted cell monolayer where
contiguous regions are interspersed with large voids. This inter-
pretation is also consistent with the optical microscopy observa-
tions (not shown here).

4.3 Chlorpromazine Treatment

Chlorpromazine (CPZ) which is an amphipathic, antipsychotic
agent, causes membrane corrugation in cells by the modulation
of the outer cell membrane, as it was shown in the studies of
red blood cells,31 endothelial,32 and epithelial cells.33 To track
dynamics of this process through SP resonance we exposed

a confluent human melanoma (MEL 1106) monolayer to
10 μM of CPZ. Figure 8(a) (upper panel) shows that λsp is
blue-shifted after CPZ introduction. This shift corresponds
to the decrease of refractive index at cell-substrate region.
This result is consistent with other studies.32,33 Explicitly, the
λsp measures penetration of extracellular medium between the
cells and the substrate. Figure 8(b) schematically shows the
cell morphological change induced by CPZ. The increment
of Rmin [Fig. 8(a), lower panel] suggests increase of the cell-
medium interface, which is also consistent with the above inter-
pretation. The effect of CPZ appears to be reversible. CPZ
removal results in fast recovery of Rmin and λsp (approximately
45 min) and indicates that cell morphology recovers to its nor-
mal shape during this time.

4.4 Progressive Polarization of the Epithelial Cells

The epithelium cell layer acts as an active barrier between
lumen and serosa and enables transport of chemical substances
between these two compartments.34 This function crucially
depends on cell polarization, namely the difference between the
apical and basal (the side that is attached to substrate) parts of
the cell.28 The polarized epithelial cells typically have columnar
shape, which is achieved through formation of intercellular junc-
tions such as tight junctions.28,34 Here we utilized combination
of SP and guided modes to measure changes in cell morphology
during polarization of intestinal epithelial cells (IEC6). Sus-
pended IEC6 cells were seeded on the Au-substrate and allowed
to form a continuous monolayer. For the freshly formed IEC6
monolayer the wavelength of the TM1 guided mode yielded an
average layer thickness (cell height) of only 6.0 μm [Fig. 9(a),
t ¼ 0 h] while the analysis of the SP resonance indicated that
these cells are well attached to the substrate. Simultaneous opti-
cal microscopy showed that these freshly sedimented cells have
elongated, asymmetric morphology [Fig. 9(b), t ¼ 0 h]. During
the subsequent 5.5-h period, (i) the cell height grew to 12.2 μm,
(ii) the TM2 mode appeared in the infrared reflectivity spectrum,
indicating on high uniformity of the cell layer, and (iii) the
SP resonance shifted towards shorter wavelength, suggesting
entrance of the extracellular medium beneath the cell layer
[see Fig. 9(b), schematic drawing]. The optical images show
that by this time the cells have already adopted the epithelial-
like cobblestone shape [Fig. 9(a), t ¼ 5.5 h], typical for polar-
ized cell phenotype. Figure 9(c) shows the real-time kinetics
of the whole process. During the first couple of hours the aver-
age cell height grew exponentially from 6 μm to 12.2 μm,
whereas the refractive index of the basal cell region decreased
with similar dynamics.

5 Discussion
By extending the surface plasmon spectroscopy to the infrared
range we became able to measure cell morphology in a label-
free manner. The surface plasmon is extremely sensitive to the
cell-substrate region. Note that the surface plasmon in the visible
range probes only cell-substrate attachment due to it short sam-
pling depth of 0.1 to 0.5 μm. Therefore, it has a difficulty in
probing the cells cultured on extracellular matrix, which extends
the distance between the cell body and the substrate even more.
Since the sampling depth of the infrared surface plasmon
reaches several microns and can be adjusted for specific assay
by choosing the proper wavelength, it has no difficulty in prob-
ing the living cells cultured on extracellular matrices.

Fig. 7 Dynamics of Madin-Darby canine kidney cells (MDCK) cell
detachment following exposure to 0.25% trypsin solution, as measured
from the λsp position. After a 5-min delay the cells start to detach one
from another and from the substrate. The detachment is complete after
15 min. The inset compares the reflectivity spectra during attachment
(dashed gray line) and detachment (solid black line) processes at 60%
cell confluence. The narrow surface plasmon (SP) dip during attach-
ment indicates that SP senses an effective medium consisting of cells
and extracellular medium. The broad SP dip during detachment indi-
cates that the SP dip arises from the two overlapping resonances:
one from the cell-covered regions and another from uncovered regions.

Fig. 8 Surface plasmon (SP) follows the chlorpromazine (CPZ)-induced
morphological changes in the MEL-1106 (human melanoma) cells
(a) The λsp dynamics (upper panel) shows that the exposure to CPZ
results in the refractive index (nd ) decrease. The Rmin dynamics
(lower panel) indicates that the cell-substrate attachment region
becomes corrugated and this results in increased SP losses. When
the CPZ was washed out, both parameters recovered within 40 min.
(b) Schematic illustration of the cell morphology for a CPZ treated
(þCPZ) and untreated cell (−CPZ). The cell outer membrane is corru-
gated in the presence of CPZ and recovers upon CPZ removal.
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The relatively large sampling depth of the infrared surface
plasmon provides an additional advantage for cell studies.
The infrared surface plasmon is sensitive not only to cell-sub-
strate region but to more distant parts of the cell body as well.
This allows one to follow the changes in the cell-cell attachment.
We showed how the surface plasmon resonance magnitude and
wavelength yield information about the structure of adherent
cells. Namely, we could distinguish between individual cells,
cell clusters or contiguous cell layer. Our method allows one
to follow not only the slow processes such as cell sedimentation,
but the faster processes as well. In particular, we were able to
track in real-time the trypsin-induced detachment and cell mem-
brane modulation with chlorpromazine.

The infrared-guided modes excited inside the cell monolayer
give an additional functionality they can measure the cell-cell
adhesion and cell height. This label-free method has obvious
advantages over such methods as confocal microscopy that
requires fluorescent labeling.
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